The hepatitis C (HCV) internal ribosome entry site (IRES) element plays a central role in cap-independent translation of the viral genomic RNA. The unique conformation of IRES domain II is critical for 80S ribosomal assembly and initiation of viral translation. Here, the crystal structure of subdomain IIa of the HCV IRES has been determined at 2.3 Å resolution, revealing the positions of divalent metal ions and complex inter-strand interactions that stabilize the L-shaped conformation of the RNA. The presence of divalent metal ions was necessary for crystal formation. Magnesium ions occupy specific sites that appear to be critical for the formation of the folded conformation. Subdomain IIa also was crystallized in the presence of strontium, which improved the diffraction quality of the crystals and the ability to identify interactions of the RNA with metal ions and tightly bound water molecules. The hinge region and noncanonical G-U base-pair motifs are stabilized by divalent metal ions and provide unique structural features that are potential interaction sites for small-molecule ligands. The information obtained from the crystal structure provides a basis for structure-guided design of HCV translation inhibitors targeting disruption of ribosomal assembly.
The hepatitis C (HCV) internal ribosome entry site (IRES) element plays a central role in cap-independent translation of the viral genomic RNA. The unique conformation of IRES domain II is critical for 80S ribosomal assembly and initiation of viral translation. Here, the crystal structure of subdomain IIa of the HCV IRES has been determined at 2.3 Å resolution, revealing the positions of divalent metal ions and complex inter-strand interactions that stabilize the L-shaped conformation of the RNA. The presence of divalent metal ions was necessary for crystal formation. Magnesium ions occupy specific sites that appear to be critical for the formation of the folded conformation. Subdomain IIa also was crystallized in the presence of strontium, which improved the diffraction quality of the crystals and the ability to identify interactions of the RNA with metal ions and tightly bound water molecules. The hinge region and noncanonical G-U base-pair motifs are stabilized by divalent metal ions and provide unique structural features that are potential interaction sites for small-molecule ligands. The information obtained from the crystal structure provides a basis for structure-guided design of HCV translation inhibitors targeting disruption of ribosomal assembly.
Introduction
Hepatitis C virus (HCV) is an enveloped single-stranded positive-sense RNA virus. The HCV genome contains an internal ribosome entry site (IRES), located within the 5 0 -untranslated region (5 0 -UTR), that is responsible for directing cap-independent translation of the viral mRNA (Tsukiyama-Kohara et al., 1992; Wang et al., 1993; Reynolds et al., 1996) . In contrast to the HCV mRNA open reading frame, the $340 nucleotide IRES RNA sequence is highly conserved among all genotypes (Bukh et al., 1992; Davidson et al., 1995) . Assembly of the 48S complex and subsequently the 80S ribosome is initiated when the host-cell 40S ribosomal subunit and eukaryotic initiation factor 3 (eIF3) bind to the HCV IRES RNA (Pestova et al., 1998 (Pestova et al., , 2001 Kieft et al., 1999; Ji et al., 2004; Siridechadilok et al., 2005; Yu et al., 2005) . Formation of this complex is dependent on the IRES adopting a complex cation-dependent fold (Kieft et al., 1999 Klinck et al., 2000) . The high sequence conservation among viral isolates and the unique structural features of the IRES, along with its critical role in translation, make it an attractive target for RNA-directed HCV therapeutics.
The IRES has been divided into four structural domains designated I, II, III and IV (Fig. 1a) , which have been shown to exist as independently folded regions (Brown et al., 1992; Wang et al., 1995; Honda et al., 1996) . The helical and stemloop regions within domains II and III, along with stem loop IV, which contains the start AUG codon, all contribute to IRES-dependent translation (Brown et al., 1992; Kieft et al., 2001; Kikuchi et al., 2003; Ji et al., 2004; Otto & Puglisi, 2004; Spahn et al., 2004; Boehringer et al., 2005; Laletina et al., 2006) . The precise roles of individual IRES domains in the formation of a functional 80S complex continue to be elucidated, furthering the understanding of IRES-mediated capindependent translation (Ji et al., 2004; Lu et al., 2004; Otto & Puglisi, 2004; Locker et al., 2007) .
The correctly folded tertiary structure of the HCV IRES has been shown to be essential for binding both the 40S ribosomal subunit and eIF3. Cryo-electron microscopy (cryo-EM) of the IRES in complex with the 40S ribosomal subunit at 20 Å resolution (Spahn et al., 2004) and the 80S ribosome at 15 Å resolution (Boehringer et al., 2005) confirmed that the IRES induces a significant conformational change in the 40S subunit upon binding, altering the mRNA-binding region. These studies revealed that the apical loop of domain II reaches deep into the mRNA cleft near the tRNA-exit site of the 40S ribosome complex (Spahn et al., 2001) . Removal of domain II does not alter the binding affinity of either the 40S ribosomal subunit or eIF3 to the IRES; however, it has been shown that this domain is responsible for inducing a large conformational rearrangement at the decoding center of the 40S subunit. This conformational change may be necessary to stabilize the viral AUG start codon in position and for assembly of the ribosomal subunits (Brown et al., 1992; Kolupaeva et al., 2000; Spahn et al., 2001; Lafuente et al., 2002; Ji et al., 2004; Otto & Puglisi, 2004; Boehringer et al., 2005; Locker et al., 2007) . The NMR solution structure of domain II revealed that a bulge within subdomain IIa induces a bend in the helix, resulting in an overall L-shaped conformation. The structure of the isolated domain II is consistent with its conformation when bound to the 40S ribosomal subunit as determined by cryo-EM (Lukavsky et al., 2003; Spahn et al., 2004) . Conserved structural motifs within domain II, including the unique bent conformation of subdomain IIa, play a novel functional role in 80S ribosomal assembly by promoting eIF5-induced GTP hydrolysis and mediating eIF2 release (Locker et al., 2007) . The connection between the uniquely folded structure of subdomain IIa and its function in 80S ribosomal formation suggests that HCV IRES IIa is a possible target for small-molecule antiviral drugs that bind and disrupt ribosomal complex formation and translation of the viral mRNA.
To gain further understanding of the interactions that stabilize the unique conformation of IRES domain II, we have determined the X-ray crystal structure of subdomain IIa in the presence of either Sr 2+ or Mg 2+ ions at resolutions of 2.3 and 2.9 Å , respectively. A 3.0 Å resolution crystal structure of subdomain IIa obtained in the presence of a mixture of Mg 2+ and Mn 2+ ions has also been reported (Dibrov et al., 2007) . We observe differences in the overall bend angle and the positions of key metal ion-binding sites. These results provide additional insight into the forces that stabilize the unique L-shaped conformation of the molecule and the possibility of molecular intervention at this step in ribosomal complex formation.
Materials and methods

Constructs and crystallization
Gel-purified and desalted synthetic IRES RNA oligonucleotides for subdomain IIa (5 0 -CGG AGG AAC UAC UGU CUU CAC GCC-3 0 and 5 0 -GCG UGU CGU GCA GCC UCC GG-3 0 ) were purchased from Dharmacon Research (Lafayette, Colorado, USA). The brominated oligonucleotide 5 0 -GCG (5-Br-U)GU CGU GCA GCC (5-Br-U)CC GG-3 0 was used for multi-wavelength anomalous dispersion (MAD) data collection.
RNA was annealed by heating in buffer (5 mM sodium cacodylate pH 6.2, 2 mM MgCl 2 ) at 353 K for 3 min and cooling slowly to room temperature. Crystals were obtained by the hanging-drop vapor-diffusion method, in which 1 ml 0.5 mM RNA in annealing buffer was mixed with an equal volume of a precipitant buffer containing 50 mM sodium cacodylate pH 6.2, 10 mM MgSO 4 , 25 mM NaCl, 100 mM KCl, 10% 2-methyl-2,4-pentanediol (MPD) and equilibrated over a well solution consisting of 65% MPD at 290 K or room temperature. Crystals were obtained at 290 K after 2-3 weeks. The crystals belonged to space group P4 3 2 1 2, with unit-cell parameters a = b = 48.95, c = 120.94 Å and one molecule per asymmetric unit.
For crystals grown in the presence of strontium, the RNA was annealed as above but without MgCl 2 . The RNA was then mixed in a 1:1 ratio with 50 mM sodium cacodylate pH 6.2, 80 mM SrCl 2 , 25 mM NaCl, 30% MPD and equilibrated over a well solution consisting of 60% MPD at 290 K. Sr-subdomain IIa crystals had unit-cell parameters that were nearly identical to those of the Mg-subdomain IIa crystals, but belonged to the lower symmetry space group P2 1 2 1 2 1 .
Data collection and structure determination
The structure of IRES subdomain IIa with Mg 2+ bound (Mg-IIa) was determined by MAD phasing using the anomalous scattering from bromines incorporated into the RNA by replacing U101 and U113 with 5-Br-U. These two nucleotides were chosen because they form stable canonical A-U base pairs and are distant from the hinge region, minimizing the potential for altering the folded conformation.
Prior to data collection, crystals were flash-cooled in liquid nitrogen and transferred to a cold nitrogen stream. Attempts at molecular replacement using the structure determined by NMR (Lukavsky et al., 2003 ; PDB code 1p5m) were not successful. Therefore, MAD data sets (Table 1) were collected from a single crystal at three wavelengths using bromine as the anomalous scattering atom at 100 K on beamline 14-ID-B at the Advanced Photon Source (APS), Argonne National Laboratory. The X-ray data for the Sr-IIa crystal were collected at 100 K on beamline 8-BM also at the APS. Data were processed with DENZO/SCALEPACK (Otwinowski & Minor, 1997) . Phases were calculated using the programs SOLVE/RESOLVE (Terwilliger & Berendzen, 1999; Terwilliger, 2000) . The resulting MAD electron-density map at 3.2 Å resolution was used to build the initial model with the program O (Jones et al., 1991) , which gave an initial R free value of 0.4798 and an R factor of 0.4621 after rigid-body refinement. The structure was refined by several rounds of simulated annealing with restrained individual B-factor refinement in the program CNX (Accelrys, San Diego, California, USA; Brü nger et al., 1998) and manual examination and rebuilding using the inflection-point data.
The Sr-IIa crystal structure was solved by the molecularreplacement method using the refined Mg-IIa model as the search model. The Sr-IIa and Mg-IIa structures were refined at 2.3 and 2.9 Å resolution to final free R factors of 32.0% and 28.3%, respectively (see Table 1 ).
3. Results and discussion 3.1. Construct design and crystallization approach Both our own enzymatic digestion studies (data not shown) and NMR solution structures (Lukavsky et al., 2003) indicate that oligonucleotide constructs comprising only the IIa subdomain adopt the same conformation as found in the fulllength IRES RNA. Subdomain IIa oligonucleotide constructs of varying lengths were screened in crystallization trials (see supplementary material 1 ). Terminal G-C pairs were introduced to stabilize the duplex, including single-base overhangs to facilitate the formation of pseudo-continuous helices in the crystal. The flexible unpaired U48 nucleotide was also removed in most constructs in order to aid crystallization. Crystallization was carried out at both room temperature and 290 K using a variety of commercial screening kits and modified versions of an RNA-specific screen (Wahl et al., 1996) .
Construct length and crystallization temperature had the most impact on crystal quality. Experiments at 290 K produced higher quality crystals compared with roomtemperature crystallization. Shorter constructs comprising only the hinge region produced few hits in initial screens and did not lead to well diffracting crystals. Construct lengths were progressively increased until promising crystals were obtained at 290 K under conditions containing either MgSO 4 , NaCl and MPD or magnesium acetate, MPD and spermidine. The initial hkl PðÞ, where is the phase and P() is the phase probability distribution. † § R factor and R free = P hkl jF obs j À kjF calc j = P hkl jF obs j, where R free includes amplitudes (10%) omitted from the refinement. ‡ } Root-mean-square deviation. crystals were optimized by sampling different combinations of 10-100 mM MgCl 2 , MgSO 4 , magnesium acetate, Co(NH 3 ) 6 Cl 3 with or without NaCl, KCl and spermidine in the pH range 4.2-7.4.
Further construct optimization substantially increased the resolution limit of the diffraction from 5 to 3 Å . Single-base changes in the overall length of the strands or the overhangs dramatically affected the diffraction quality of the crystals. The RNA molecule that gave the best diffracting crystals consisted of two strands with 20 and 24 bases, respectively, with single-base overhangs (Fig. 1b) . Substituting uracil for 5-Br-U did not affect the crystal quality.
The presence of divalent metal ions was essential for crystal formation. Initial crystals were obtained using magnesium (Mg 2+ ). Unambiguous identification of bound Mg 2+ ions and differentiation from water molecules in an electron-density map is difficult except at very high resolutions. Therefore, subdomain IIa was also crystallized in the presence of strontium ions. Although the Sr 2+ ion has a larger ionic radius than that of Mg 2+ , it has previously been used to substitute for Mg 2+ in the crystallization of RNA (Mueller et al., 1999; Baugh et al., 2000; Deng et al., 2001; Wedekind & McKay, 2003) . The increased diffraction from the heavier strontium ions provided a significant advantage in differentiating the bound metal ions from water molecules. This allowed us to clearly identify additional binding sites for divalent cations in the subdomain IIa structure. The resolution of the data obtained from the crystals grown with Sr 2+ also was higher (2.3 Å versus 2.9 Å ; Table 1 ). The Sr-subdomain IIa crystals had very similar unit-cell parameters to those of the Mg-subdomain IIa crystals, but belonged to the lower symmetry space group P2 1 2 1 2 1 instead of P4 3 2 1 2.
Overall structure
Both the Sr-bound and Mg-bound subdomain IIa crystal structures show the same L-shaped conformation (Fig. 2) , with individual RNA molecules aligned in a pseudocontinuous end-to-end arrangement in the crystal lattice. The two crystal forms are nearly identical; the presence of Sr led to a slight breakdown in symmetry along the fourfold axis of the tetragonal Mg form, resulting in orthorhombic crystals. In both structures, the asymmetric internal loop comprising single-stranded nucleotides A53-A57 causes the helix to bend with an angle of about 110 between the terminal vectors making up the curved axis, as calculated by the program CURVES (Lavery & Sklenar, 1989 ) with the bulged nucleotides omitted. This compares with an angle of 129 measured by the same method for the corresponding region in the average NMR structure of isolated subdomain IIa (Lukavsky et al., 2003) and 117 for the recently reported subdomain IIa crystal structure solved at 3.0 Å resolution (Dibrov et al., 2007) . In addition to the slightly smaller helical bend angle, the bulge region is more compact, with the distance between the ribose backbone C1 atoms of the two external bases, U56 and U106, being 3-4 Å less than previously reported (Dibrov et al., 2007) . In the structure determined by Dibrov and coworkers, the external U56 base re-orients to point towards the phosphate backbone of A54 on an adjacent molecule, forming a hydrogen bond. This crystalpacking interaction is not observed in the structures reported here and could provide one explanation for the different helical bend angles.
The unpaired nucleotide A57 is stacked below the C58-G110 base pair as a result of a change in backbone direction at nucleotide U56, which projects out into the solvent. of nucleotides A53, A54 and C55 are also unpaired and stack continuously with the adjacent G52-C111 base pair. The pocket that is formed by the stacked unpaired bases provides a cluster of hydrogen-bond donors and acceptors that bind metal ions that stabilize the L-shaped conformation and facilitate the interaction of domain IIb with the ribosome. The L-shaped bend in the helical axis is stabilized by a hydrogenbond interaction between the 2 0 -hydroxyl group of C55 and the N7 atom of A57. On the opposing strand, a hydrogen bond between the N4 amino group of C111 and the G110 phosphate group provides additional stabilization in the hinge region.
The five-nucleotide internal loop of subdomain IIa has structural features similar to the -turn motif (Wadley & Pyle, 2004) with nucleotides 1, 2 (A53, A54) and 5 (A57) stacking on adjacent helices. A characteristic signature of -turns is the flipped-out nucleotide 4 (U56), which is commonly involved in RNA-RNA or RNA-protein interactions. However, an internal hydrogen bond between the 2 0 -hydroxyl groups of nucleotides 1 and 5 in the -turn is absent in the subdomain IIa structure.
Stacking of C62-G105 and the noncanonical U61-G107 base pairs is facilitated by rotation of the U106 base out of the helix and into the solvent (Fig. 3) . The noncanonical U61-G107 base pair adjacent to the flipped-out U106 base alters the conformation of the RNA backbone. This brings the backbone of adjacent strands into close proximity in this region. The weak electron density and resulting high atomic temperature factors for the base portions of U56 and U106 indicate that they are highly flexible. In the Sr-IIa structure these two external uridine bases are stacked parallel to each other at a distance of 3.4-3.7 Å (Fig. 3a) , while in the Mg-IIa crystal structure they form an angle of approximately 130 to each other (Fig. 3b) . A hydrogen bond is formed between O2 of U56 and O4 of U106, implying tautomerization of one of the bases. These observations are consistent with a UV cross-linking study of domain II that indicated that bases U56 and U106 could be covalently linked (Lyons et al., 2001) , suggesting that these residues also are flipped out of the helix and in close contact in solution.
The upper and lower stem regions of loop IIa form conventional A-form helical structures. Watson-Crick base pairing resumes at G52-C111 after the bend and continues to the end of the lower stem (C47-G116). The upper stem region (C58-G110 through C69-G98) contains three noncanonical base pairs that do not significantly alter the helical structure.
Metal-ion interactions
The presence of divalent cations is essential for HCV IRES to adopt a correctly folded structure and for formation of the IRES-40S ribosomal complex (Kieft et al., 1999) . Cations generally promote folding and stabilization of RNA tertiary structure by reducing the electrostatic repulsion between negatively charged phosphate groups or by coordinating directly to electronegative atoms of the nucleotide bases (Draper, 2004) . While the majority of cations stabilize RNA structures through long-range diffuse interactions, X-ray crystal structures 
Figure 4
Bound metal ions stabilize the unpaired internal loop and non-Watson-Crick base pairs in the hinge region. (a) Sr1 binds directly to nucleotide C55 and makes a water-mediated interaction with G110. (b) Sr2 coordinates directly to nucleotides G60, U61 and G107 and indirectly to U59 through a tightly bound water molecule. The hydrogen-bond network that is formed by binding metal ions and water is depicted. and NMR spectroscopic methods have allowed the identification of the specific binding sites of metal ions that participate in modulating RNA structure and function (Allain & Varani, 1995; Cate et al., 1997; Keift & Tinoco, 1997; Hermann & Patel, 1999; Draper, 2004) .
Five strontium ions were identified in association with each subdomain IIa RNA molecule in the higher resolution (2.3 Å ) Sr-IIa structure (Fig. 2b) was essential for the generation of well diffracting crystals. Interestingly, from our experiments, the divalent cations could be added after annealing the RNA, suggesting that metal ions may not be necessary in the initial RNA-annealing step but are required for the formation of a stable folded structure. Direct binding studies indicated that Mg 2+ binds with a K d of $30 mM to the highest affinity sites on subdomain IIa (manuscript in preparation).
In both crystal structures, a metal ion (Mg1, Sr1) is directly coordinated to the O2 carbonyl O atom of nucleotide C55 and makes a water-mediated contact to O6 of G110 (Fig. 4a) . The single-stranded stacked nucleotides in the hinge region form a metal ion-binding pocket that provides direct coordination with unpaired bases. The bound metal ion acts to further stabilize the bend at the RNA internal loop.
A second metal ion (Mg2, Sr2) binds to the mismatched G-U base pair in the major groove through direct coordination to O4 of U61, O6 of G107 and O6 of G60 (Fig. 4b) . A hydrogen-bond network in this region, which includes a water molecule that coordinates the metal ion and forms hydrogen bonds to the O6 atoms of U59 and G60, contributes to stabilization of the non-Watson-Crick base pair as well as the unique conformation of the RNA backbone that results in U106 being rotated out into the solvent. The potential instability caused by the close proximity of the backbone strands at U56 and U106 may be mitigated by the binding of Sr2 (Mg2), along with the presence of a tightly bound water molecule that bridges the metal ion and bases. This metalbinding site may also serve a functional role, as base-pair mismatches are often found in ribosomal RNAs, where they provide recognition sites for proteins and small molecules (Gautheret et al., 1995; Chandrasekhar & Malathi, 2003) .
The crystal structure shows that the hinge region is stabilized by coordinated metal ions, -stacking of single-stranded nucleotides and a hydrogen-bonding network that involves tightly bound water molecules as well as nucleotide bases. The perpendicular orientation of bases C55 and G110 is fixed though mutual coordination of Mg1/Sr1 and appears to be critical for stabilizing the conformation of subdomain IIa. The locations of the two metal-binding sites are consistent with the NMR study of subdomain IIa, which suggested the presence of one or two metal-binding sites near nucleotides A54 and C55 (Lukavsky et al., 2003) . The existence of an Mg 2+ -binding site in the hinge region near A109 and G110 has also been suggested by Fe II -EDTA footprinting (Kieft et al., 1999) .
Three additional Sr
2+
-binding sites were observed in the subdomain IIa crystal structure. Sr3 binds directly to the phosphate group of A54, whereas Sr4 is indirectly coordinated to the phosphate groups of G52 and A53 via a water-mediated interaction (Fig. 5) . Sr5 is bound in the major groove of the lower stem. This metal ion does not form direct interactions with the RNA, but a coordinating water molecule is hydrogen bonded to N7 of G51. These three Sr 2+ ions have relatively high temperature factors and appear to be less tightly bound than Sr1 and Sr2 in the hinge region.
The metal-binding sites that we observe differ significantly from those reported by Dibrov and coworkers for the same subdomain IIa construct determined at 3.0 Å resolution in the presence of a mixture of Mg 2+ and Mn 2+ ions (Dibrov et al., 2007) . Only one metal ion, Mg1/Sr1, coordinated to C55 (see Fig. 6 ), corresponds closely in position to a metal ion (Mn1) in the Mg-Mn subdomain IIa structure. Mg1 in the Mg-Mn model is in the same proximity as Mg2/Sr2; however, Mg2/Sr2 is significantly closer to the base of U61 (2.5 Å versus 5.3-6 Å ) and stabilizes the wobble base pair through direct contacts with U61 and G107. In the Mg-Mn subdomain IIa structure, the Mg1 metal ion makes only one contact with N7 of G107 rather than coordinating directly to both base pairs to stabilize their conformation. The metal ion Mn2 in the Mg-Mn model is near Sr5 in our structure; however, it is in contact with the N7 atom of G52 rather than N7 of G51 as seen for Sr5.
We observed no convincing electron density in either of our crystal structures for the Mg5 and Mg6 metal ions located at both ends of the duplex or for Mg2 near G48. Also, no density was observed at sites corresponding to the Mg3, Mg4 and Mn3 ions found between the two RNA molecules in the Mg-Mn subdomain IIa structure (Dibrov et al., 2007) .
The 2.3 Å resolution data obtained from the Sr-subdomain IIa crystals allowed us to accurately identify metal ion-binding sites in the electron-density map. In addition, we were able to assign the positions of bound water molecules (see Figs. 4 and 5) which could not be reliably modeled in the lower resolution Mg-subdomain IIa structure and also are absent from previously reported structures (Lukavsky et al., 2003; Dibrov et al., 2007) . This has provided an initial view of the role that these water molecules play in coordinating the bound metal ions and stabilizing the RNA conformation.
Potential for small-molecule interactions
The uniquely folded conformation of IRES subdomain IIa and its critical role in 80S ribosomal assembly (Locker et al., 2007) suggest that it is a possible target for small molecules that bind to subdomain IIa, alter the conformation of the IRES element and thereby inhibit translation of viral mRNA. Recently, a novel class of benzimidazole compounds was identified that bind to HCV IRES subdomain IIa with submicromolar affinity (Seth et al., 2005) . The binding of these compounds was mapped to the hinge region by RNA-footprinting studies, which showed that nucleotides C55 and U56 had the greatest protection from enzymatic cleavage in the presence of the compound (Seth et al., 2005) .
The crystal structure of IRES subdomain IIa, coupled with the identification of small molecules that bind to this region, will allow a new structure-guided approach for designing small-molecule inhibitors of HCV IRES-mediated translation.
